To determine the optimal method of evaluating kidney function in patients with thyroid dysfunction, this study compared the estimated glomerular filtration rate derived from serum creatinine, cystatin C, or β2-microglobulin with inulin or creatinine clearance in two pediatric patients, one with hypothyroidism and the other with hyperthyroidism. It was observed that the kidney function decreased in a hypothyroid child and enhanced in a hyperthyroid child, with their kidney function becoming normalized by treatment with drugs, which normalized their thyroid function. Kidney function cannot be accurately evaluated using cystatin C-based or β2-microglobulin-based estimated glomerular filtration rate in patients with thyroid dysfunction, as these tests overestimated glomerular filtration rate in a patient with hypothyroidism and underestimated glomerular filtration rate in a patient with hyperthyroidism, perhaps through a metabolic rate-mediated mechanism. In both our patients, 24-h urinary creatinine secretion was identical before and after treatment, suggesting that creatinine production is not altered in patients with thyroid dysfunction. Therefore, kidney function in patients with thyroid dysfunction should be evaluated using creatinine-based estimated glomerular filtration rate.
Introduction
Methods of evaluating kidney function in children include serum creatinine (Cr)-based estimated glomerular filtration rate (eGFR) [1, 2] , serum cystatin C (cysC)-based eGFR [3] , and serum β2 microglobulin (β2MG)-based eGFR [4] in Japan. These methods may be inaccurate, however, because serum Cr, cysC, or β2MG concentrations are influenced by muscle mass, administration of glucocorticoids [5] , or malignant tumors [6] and inflammatory disorders [7] , respectively. GFR in both adults [8] [9] [10] and children [11] [12] [13] with thyroid diseases was shown to alter by fluctuations in serum Cr concentrations or creatinine clearance (Ccr). GFR is lower in patients with hypothyroidism, and restoration of thyroid function, by treatment for hypothyroidism, has been shown to result in recovery of kidney function, as shown by Cin [13] . Furthermore, serum concentrations of cysC [9, 10] and β2MG [14] do not accord with the change of serum Cr concentrations in patients with thyroid disease.
To determine the optimal method of evaluating kidney function in patients with thyroid dysfunction, this study compared the eGFRs derived from serum Cr, cysC, and β2MG with Cin or Ccr in two pediatric patients, one with hypothyroidism and the other with hyperthyroidism. A retrospective review of the records of a few patients, to report as a case study or case series, is not considered by our institution to be research on human subjects and did not require ethics committee approval. Informed consent of the patients involved was provided about the publication of this article.
Evaluation of kidney function
Cin was performed using the method standardized for Japanese pediatric patients [1] . Ccr-based eGFR was calculated based on 24-h Ccr, using the formula 24-h Ccr-based eGFR = 0.764 × 24-h Ccr [15] . Cr-based eGFR, cysC-based eGFR, and β2MG-based eGFR were calculated as described [1, 3, 4] . Cr-based eGFR was calculated using the formula: Cr-based eGFR = 110. 
Patient 1 (hypothyroidism)
A 12-year-old girl presented with elevated serum Cr (1.18 mg/dL) and short stature [body length, 132 cm (Z score − 3.6 SD), body weight, 30.9 kg (Z score − 1.6S D)]. She had been diagnosed with idiopathic pulmonary hemosiderosis at age 4 years, and had been treated since with once weekly dexamethasone injections and daily azathioprine internal use. On admission, she had decreased kidney function (Cin, 59.6 ml/min/1.73 m 2 ; 24-h Ccrbased eGFR: 60.0 ml/min/1.73 m 2 ; Cr-based eGFR, 45.8 ml/min/1.73 m 2 ); however, her cysC-based eGFR (108.7 ml/min/1.73 m 2 ) and β2MG-based eGFR (115.6 ml/ min/1.73 m 2 ) were normal. A kidney biopsy showed the absence of glomerular and tubular abnormalities by light microscopy and fluorescent antibody technique. Because she had a previous history of pulmonary hemorrhage, her serum concentration of anti-glomerular basement membrane antibody was checked. This antibody was not present, nor was she diagnosed with Goodpasture syndrome.
Evaluation using the Bone Age Standardized for Japanese Children (TW2-RUS scoring system) showed that her bone age was 10.6 years when she was 12.8 years old chronologically. Her body length and growth rate were 128.0 cm (Z score − 0.8 SD) and 4.9 cm/year (− 0.9 SD), respectively, at age 8.6 years; 129.5 cm (− 1.0 SD) and 3.2 cm/year (− 3.8 SD), respectively, at age 9.8 years; 131.0 cm (− 1.7 SD) and 1.5 cm/year (− 6.4 SD), respectively, at age 10.8 years; 132.1 cm (− 2.6 SD) and 1.1 cm/ year (− 5.9 SD), respectively, at age 11.8 years; and 132.0 cm (− 3.6 SD) and 0 cm/year (− 4.0 SD), respectively, at age 12.8 years, indicating marked failure of growth beginning at age about 9 years ( Fig. 1 ).
Her Cr-based eGFRs at ages 9.8, 10.8, and 11.8 years were 84.3, 49.4, and 46.2 mL/min/1.73 m 2 , respectively, showing that her Cr-based eGFR paralleled her failure of growth. Other physical findings included low blood pressure (94/40 mmHg) and bradycardia (57/min). These findings, along with short stature and reduction of growth rate, suggested hypothyroidism. Blood examination revealed hypothyroidism caused by Hashimoto's disease (TSH, 1416 µIU/mL; fT3, 0.78 pg/mL; fT4, < 0.1 ng/dL; thyroglobulin, 1.1 ng/ mL; anti-thyroglobulin antibody, 563 U/mL; anti-thyroid peroxidase antibody, 32.0 U/mL; anti-thyroid microsomal antibody, 1:25,600; TSH stimulating antibody (TSAb),7.6%).
She was started on treatment with levothyroxine sodium. After 3 months of treatment, her thyroid function was restored (TSH, 33.6 µIU/mL; fT4, 0.87 ng/dL), and her kidney function recovered to 90.5 ml/min/1.73 m 2 by Cin. Her 24-h Ccr-based eGFR and Cr-based eGFR were 94.3 and 86.9 ml/min/1.73 m 2 , respectively, consistent with the results of Cin. However, her cysC-based eGFR (108.7 ml/min/1.73 m 2 ) and β2MG-based eGFR (115.6 ml/ min/1.73 m 2 ) remained unchanged (Table 1 ; Fig. 2a ). 
Body length (cm)
Mean Growth chart of case 1 before starting levothyroxine Fig. 1 The growth rate declined when the hypothyroidism was acquired at age about 9 years Although her kidney function, as shown by Cin, decreased when she was hypothyroid and increased after treatment, measurements of cysC-based eGFR and β2MG-based eGFR did not show parallel changes. In addition, 24-h urinary Cr excretion per height was 0.45 g/m/day both before and after treatment (Table 1) .
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Patient 2 (hyperthyroidism)
An 11-year-old girl with idiopathic nephrotic syndrome, diarrhea, general fatigue, pollakisuria, increased appetite, excessive sweating, and poor weight gain was suspected of being hyperthyroid. She had tachycardia (HR 136/min) and goiter. Her body weight was 30.0 kg (− 1.0 SD) and her body length was 141.8 cm (− 0.5 SD).
She was diagnosed with steroid resistant nephrotic syndrome at age 4 years, with histological diagnosis at age 5 years showing minimal changes in her kidneys. Treatment with cyclosporin (CyA), based on a 4-h area under the curve (AUC0-4), with a target blood concentration of 1000-1200 ng/h/mL, and mycophenolate mofetil (MMF), was successful in inducing and maintaining remission.
Blood tests at admission revealed hyperthyroidism caused by Basedow's disease (TSH, < 0.003 µIU/mL; fT3, 65 pg/mL; fT4, 16.4 ng/dL; thyroglobulin, 371.9 ng/ mL; anti-thyroglobulin antibody, 62.5 U/mL; anti-thyroid peroxidase antibody, 32.0 U/mL; TSH stimulating antibody (TSAb), 61.3%; anti-TSH receptor antibody (TRAb), 89.4 IU/L), with mild kidney hyperfunction. To determine the time of onset of hyperthyroidism, we performed tests of thyroid function in sera stored in our hospital. She was euthyroid (TSH, 0.91 µIU/mL; fT3, 4.2 pg/dL; fT4, 1.02 ng/dL) 15 months prior to diagnosis of Basedow's disease and hyperthyroid (TSH, 0 µIU/mL; fT3, 16.20 pg/ dL; fT4, 5.4 ng/dL) 7 months prior to diagnosis. Following treatment for 2 years with thiamazole and levothyroxine, her thyroid function was restored (TSH, 1.2 µIU/mL; fT3, 4.38 pg/dL; fT4, 0.61 ng/dL) and her kidney function normalized, as shown by a 24-h Ccr-based eGFR of 102.8 ml/ min/1.73 m2. Table 1 and Fig. 2b show changes in kidney function of this patient. Although Cin could not be examined, her 24-h Ccr-based eGFR, Cr-based eGFR, cysC-based eGFR, and β2MG-based eGFR 15 months before diagnosis were 109.2, 115.0, 107.3, and 102.3 ml/min/1.73 m2, respectively, indicating normal kidney function. On admission, however, these eGFRs were 123.9, 165.5, 59.5, and 62.4 ml/min/1.73 m2, respectively, indicating mildly overactive kidney function and the differences in these four parameters. After 2 years of treatment, these eGFRs were 102.8, 101.4, 114.7, and 96.8 ml/min/1.73 m2, respectively, indicative of normalized kidney function.
Cr excretion per height over 24-h urine was 0.36 g/m/day before and after treatment (Table 1) .
Discussion
eGFRs based on Cr, cysC, and β2MG are surrogate measurements of Cin. Factors that can influence serum Cr, cysC, and β2MG concentrations can therefore overestimate or underestimate kidney function.
This report describes two patients with thyroid dysfunction who experienced parallel changes in kidney function. Similar findings have been observed in other patients [8, 11, 12] . To our knowledge, however, no study has utilized Cin to evaluate kidney function in pediatric patients with hyperthyroidism, although one report describes the use of Cin to evaluate kidney function in pediatric patients with hypothyroidism [13] .
Patient 1 with hypothyroidism showed reduced kidney function (about 60 ml/min/1.73 m 2 ), as revealed by Cin and 24-h Ccr-based eGFR. Although effective renal plasma flow (ERPF) and filtration fraction (FF) were not measured in this patient, ERPF was reported unaffected despite a reduction in GFR in patients with hypothyroidism [8] , suggesting that a decrease in GFR may parallel a decrease in FF. In addition, Cin and 24-h Ccr-based eGFR showed that kidney function in this patient recovered as her thyroid function improved.
Patient 2 with hyperthyroidism showed an increase in kidney function during the acute phase, with her kidney function becoming normalized by treatment with antithyroid drug, which normalized her thyroid function. Because Cin could not be performed, kidney function in this patient could be evaluated only by 24-h Ccr-based eGFR. Similar to this patient, other patients with hyperthyroidism have increased kidney function, with their kidney function becoming significantly decreased and normalized following treatment with antithyroid drugs [9] .
This study had several limitations, including the small number of patients. In addition, Cin, regarded as the gold standard to assess kidney function, could not be measured in the patient with hyperthyroidism, unfortunately because of a retrospective case study.
The other tests of kidney function, cysC-based eGFR and β2MG-based eGFR, overestimated GFR in the hypothyroid patient and underestimated GFR in the hyperthyroid patient. Our findings suggest that hyperthyroidism and hypothyroidism influence the production and serum concentrations of cysC [10] and β2MG [14] through a metabolic rate-mediated mechanism. In both our patients, 24-h urinary Cr secretion was identical before and after treatment, suggesting that Cr production is not altered in patients with thyroid dysfunction. Therefore, Cr-based eGFR may accurately estimate GFR, in agreement with Cin or 24-h Ccr-based eGFR.
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